Introduction
When a high-speed train enters a tunnel, a compression wave is generated in the tunnel. The compression wave propagates through the tunnel at the speed of sound. On the arrival of the compression wave at an exit portal, an impulsive pressure wave is emitted to the surroundings around the tunnel exit portal [1] [2] [3] . The emitted impulsive pressure wave is referred to as a micro-pressure wave. The micro-pressure waves have become an important environmental problem for high-speed railways, especially for Japanese Shinkansen. The micro-pressure waves with a large magnitude (peak value) produce an audible sound and/or infrasound problems near tunnel exit portals. The micro-pressure wave phenomenon occurs in three stages: (1) generation of the compression wave at the tunnel entrance, (2) propagation of the compression wave through the tunnel, and (3) emission of the micro-pressure wave from the tunnel exit portal. The micro-pressure waveform depends on the compression waveform that arrives at the tunnel exit, and its magnitude is approximately proportional to the maximum pressure gradient of the compression wavefront at the tunnel exit, (∂p/∂t) max, exit . The nonlinearity in propagation of the compression wave through a slab-track tunnel causes the compression wavefront to steepen, and the longer the slab-track tunnel, the larger the magnitude of the micro-pressure wave. Conversely, because the compression wavefront is tempered by the effect of the ballast layer, the longer the ballast-track tunnel, the smaller the magnitude of the micro-pressure wave [4] [5] [6] [7] .
Countermeasures for micro-pressure waves are based on reducing the pressure gradient of the compression wavefront. On Shinkansen lines, the most common countermeasures target the first stage (1) of the phenomenon: for example, installation of a tunnel hood [2] [3] , or optimization of the train nose shape [8] [9] . A combination of a tunnel hood and train nose with lengths of up to 50 and 15 m, respectively, allows trains to run at speeds of up to 320 km/h without serious micro-pressure wave problems. However, there is a need for additional countermeasures to suit higher train speeds because the current maximum lengths of the train nose and entrance hood are considered to have reached the economic and commercially viable limit.
This study presents field measurements made in an actual slab-track tunnel to investigate the effect of installing ballast in the slab-track tunnel on micro-pressure waves. It also investigates a numerical analysis method for simulating the effect of the ballast. Furthermore, estimations were made of the effect of added ballast in the case of faster Shinkansen running speeds.
Field measurements
Field measurements were made in an actual slab-track tunnel on a Shinkansen line. The compression waveforms propagating through the tunnel were measured to investigate the effect of adding ballast on reducing micro-pressure waves. The ballast was installed gradually for each of the four series of field measurements. Figure 1 shows a schematic drawing of the field measurements in the slab-track tunnel. The tunnel followed a south-northerly direction. The full length and crosssectional area of the tunnel were 3,330 m and 61.9 m 2 , respectively. Each of the two portals of the tunnel had an 18-m-long hood for reducing the pressure gradient of the compression wavefront. The tunnel had two types of short side branches at regular intervals of about 500 m along its length. Both type-1 and type-2 short side branches had a cross-sectional area of 7.1 m 2 , but had lengths of 3 m and 5 m, respectively. Frame-shaped slab-tracks [10] were installed over the 2,930 m-long inner section, while flatshaped slab tracks were installed along sections up to 200 m
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The ballasted section covered the 2,930 m of the inner section of the frame-shaped slab tracks. The ballast was contained in reinforced nylon net bags (600 × 200 × 100 mm) to prevent it from flying because of the train induced air flow. The porosity of the ballast in the bags was approximately 0.6. Ballast was installed in each of the four cases. Figure 2 shows a schematic drawing of the cross-section of the tunnel and the installed ballast, and Fig. 3 shows photographs of each of the four different blast installations in the tunnel.
In case 1, there was no ballast. In case 2, ballast was installed only inside the slab frames. Therefore, the distribution of the ballast through the ballasting section was discrete. In case 3, the ballast was installed in the two bottom hollow strips of the tunnel between the slab track and the tunnel side wall in addition to the ballast configuration of case 2. In case 4, more ballast was added to the two bottom hollow strips in the tunnel between the slab-track and the central passage, and the volume of ballast installed in the two bottom hollow strips of the tunnel between the slab track and the tunnel side wall was increased relative to Table 1 gives the cross-sectional area of the ballast in each of the four cases, where the cross-sectional area of the discrete ballast has been converted into an average value assuming a continuous and uniform installation of the ballast. The speed of the train entering the tunnel, U, was measured by detecting the passage of train wheels using a wheel detector (Kaneko KS828) mounted on the rail near the hood of each of the two tunnel portals. Pressure p of the compression wave propagating through the tunnel was measured using pressure transducers (SSK DP8H-01; Range: 1013 hPa ± 10 kPa, Natural frequency: 2.4 kHz) mounted on the side wall of the tunnel. The variation in the maximum pressure gradient of the compression wavefront was calculated from the measured compression waveforms. Figure 4 shows sample results of pressure p and pressure gradient ∂p/∂t of the compression waveforms obtained from field measurements of the train travelling from the southern portal to the northern portal. A pressure rise due to the compression wave and a pressure drop due to the passage of the train nose were observed at the southern portal, while a pressure rise due to the compression wave and a pressure drop due to its reflected wave were observed at the northern portal. It can be seen that the compression wavefront steepened due to the nonlinearity of its propagation through the slab track tunnel resulting in an increase in the pressure gradient ∂p/∂t, while pressure p of the compression wave was attenuated. It can be also seen by comparing Fig. 4 (a)-(d) that this steepening is restrained by added ballast in the slab-track tunnel. Figure 5 shows the variation in the maximum pressure gradient (∂p/∂t) max of the compression wavefront obtained from the field measurements. The vertical and horizontal axes represent the maximum pressure gradients at the northern and southern portals, respectively. The variation in (∂p/∂t) max was approximated by the following empirical equation (1),
Measurement results
where a is the steepening coefficient and x is the propagation distance of the compression wave. The subscripts x, ent, and cri indicate the value at the distance x, the value at the tunnel entrance, and the critical value, respectively. Equation (1) is based on the assumption that the variation of (∂p/∂t) max depends on its initial value at the tunnel entrance, (∂p/∂t) max, ent , and not on the compression waveform. Furthermore, (1) is based on the assumption that (∂p/∂t) max, x varies exponentially during the propagation, and that (∂p/∂t) max, x does not increase when (∂p/∂t) max, ent is less than (∂p/∂t) max, cri . It is considered that the tunnel length applicable to (1) is about 5 km. It can be seen from Fig. 5 that the steepening of the compression wavefront is restrained by the increase in the amount of ballast installed in the tunnel according to a comparison of the four ballast installation configurations, though the cross-sectional area of the installed ballast is significantly smaller than in ballast-track tunnels. As the magnitude of the micro-pressure wave is approximately proportional to the maximum pressure gradient of the compression wavefront, the effect of the installed ballast can be estimated by the reduction in the maximum pressure gradient of the compression wavefront. For example, for (∂p/∂t) max, ent = 10 kPa/s, the ballast installed in the slabtrack tunnel in the cases 2, 3 and 4 reduce the micro-pressure wave by 4, 20 and 30%, respectively.
Numerical analysis
Numerical analysis method
A numerical analysis of the propagation wave through the tunnel was conducted to investigate the effect of installing ballast on reducing micro-pressure waves, because the tunnel length applicable to the numerical analysis is longer than in the empirical equation (1) . The numerical method proposed by Miyachi et al. [11] was adopted, which considers the nonlinear effect of the wave, the prevailing friction and heat transfer to the tunnel wall. In the governing equations, the wall shear stresses are described as the sum of those for a steady flow (steady friction) and those for an unsteady flow (unsteady friction). The magnitude of the effect of the unsteady friction term is expressed using the unsteady friction factor ε us .
In this study, it is assumed that the effect of the ballast installed in the tunnel is regarded as the increase in the unsteady friction factor ε us in the governing equations. Though the friction term of the turbulence flow model was used in the previous study [12] [13], the friction term of the laminar flow is employed in this study based on the Reference [11] . The numerical analysis also takes into consideration the effect of the short side branches installed at regular intervals of about 500 m in the tunnel using acoustic analyses. For the verification of the numerical analysis, the numerical results were compared with the field measurements described in Sec. 2 and those conducted in a ballast-track tunnel. The field measurements conducted in the ballast-track tunnel are described in References [12] [13]. Figure 6 shows examples of the comparison of the compression waveforms obtained through numerical analysis and the field measurements, and Fig. 7 shows the relationship between the unsteady friction factor ε us and the ratio of the cross-sectional areas of the installed ballast to that of the tunnel. The initial waveforms are the field measurement data at the southern portal in the slab-track tunnel and at the eastern portal in the ballast-track tunnel. It can be seen that the pressure gradient waveforms obtained through numerical analysis closely agree with those obtained by field measurement. Therefore, it is considered that the effect of installing ballast in tunnels on propagation of compression waves can be simulated through numerical analysis using an appropriate value for the unsteady friction factor ε us and ε us which increase in line with the larger cross-sectional area of the ballast.
Numerical analysis results
Effect of installing ballast in a tunnel
The effect of ballast on reducing micro-pressure waves was estimated assuming an increase in Shinkansen train running speed. It was assumed that running speeds would be increased from 260 km/h to 320 km/h or 360 km/h, and the tunnel hood length required to keep the magnitude of the micro-pressure wave at the value corresponding to a speed of 260 km/h was estimated. Table 2 outlines the assumed parameters of the train, tunnel and hood.
Because the magnitude of the micro-pressure wave is approximately proportional to the maximum pressure gradient of the compression wavefront at the tunnel exit (∂p/∂t) max, exit , the estimation of (∂p/∂t) max, exit was substituted for the estimation of the magnitude of the micro-pressure wave. At the compression wave generation stage, the pressure gradient of the tunnel entrance without a hood (∂p/∂t) max, ent is calculated by (2) ,
where ρ is air density; U is train speed; κ is the parameter for generation time of the compression wave; d is the equiv- Cross-sectional area (m 2 ) 11
Parameter on generation time of compression wave, κ 1.7
Tunnel Length x (km) 5
Cross-sectional area (m 2 ) 61.9
Equivalent diameter d (m) 8.9
Hood Characteristic length D (m) 45 alent tunnel diameter; R is the cross-sectional area ratio between the train and the tunnel; M (= U/c) is the train Mach number; and c is the speed of sound [8] . The effect of the tunnel hood is obtained by (3), 
where α is the pressure gradient of the compression wavefront at the tunnel entrance with the hood relative to that without the hood, D is the characteristic length, and L is the hood length [14] . The value of (∂p/∂t) max, ent with hood is obtained by (2) and (3). At the stage of the propagation of the compression wave, the effect of the installed ballast can be estimated by using the empirical equation (1) for the short tunnels, and by using the numerical analysis described in Sec. 3 for the long tunnels. In this estimation, the empirical equation (1) is used for calculating the pressure gradient of the compression wavefront at the tunnel exit (∂p/∂t) max, exit , U, L from the value of (∂p/∂t) max, ent, U, L , where the subscript U and L denote train speed and hood length, respectively. The estimation process is as follows: (i) Calculate the value of (∂p/∂t) max, exit, U = 260km/h, L = 0 m as the reference value, where, L = 0 m denotes the case without a hood. (ii) Calculate the value of (∂p/∂t) max, exit, U, L at U = 320 km/h or 360 km/h. If this value is larger than the reference value (∂p/∂t) max, exit , U = 260km/h, L = 0 m , search the threshold value of the hood length L where (∂p/∂t) max, exit, U, L < (∂p/∂t) max, exit, U = 260km/h, L = 0 m . This hood length is defined as the required hood length. Figure 8 shows the relationship between the ratio of the maximum pressure gradient of the compression wavefront at the tunnel exit at U = 360 km/h (∂p/∂t) max, exit, U = 360km/h, L to that at U = 260 km/h (∂p/∂t) max, exit, U = 260km/h, L = 0 m and hood length L, and Fig. 9 shows the relationships between the required hood length and the cross-sectional area of the ballast. It can be seen that the required hood length shortens with the increase in the cross-sectional area of the installed ballast. These results indicate that adding ballast is indeed an effective measure for mitigating micro-pressure waves in slab-track tunnels. 
Conclusions
The effect of adding ballast in slab-track tunnels on reducing micro-pressure waves was investigated through field measurements. Numerical analyses were also conducted to examine the effect of adding ballast in slab-track tunnels. Furthermore, the effect of ballast installation on reducing micro-pressure waves was estimated assuming faster Shinkansen running speeds. The results led to the following conclusions:
(i) The effect of the ballast installed in a slab-track tunnel on reducing micro-pressure waves was clearly shown experimentally through field measurements made in an actual Shinkansen tunnel. (ii) The effect of adding ballast in tunnels on the propagation of compression waves can be simulated using numerical analysis by applying appropriate values for the unsteady friction factors ε us , and ε us which increase with larger cross-sectional areas of ballast. (iii) The hood length required to maintain the magnitude of the micro-pressure wave shortens as the cross-sectional area of the installed ballast increases.
